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Uncoupling proteins belong to the superfamily of mitochondrial anion carriers. They are apparently
present throughout the Eukarya domain in which only some members have an established physio-
logical function, i.e. UCP1 from brown adipose tissue is involved in non-shivering thermogenesis.
However, the proteins responsible for the phenotype observed in unicellular organisms have not
been characterized. In this report we analyzed functional evidence concerning unicellular UCPs
and found that true UCPs are restricted to some taxonomical groups while proteins conferring a
UCP1-like phenotype to fungi and most protists are the result of a promiscuous activity exerted
by other mitochondrial anion carriers. We describe a possible evolutionary route followed by these
proteins by which they acquire this promiscuous mechanism.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Uncoupling proteins (UCP) belong to the superfamily of mito-
chondrial anion carriers (MAC). Fatty acids activate UCPs produc-
ing a proton leak pathway (uncoupling) which decreased the
mitochondrial electrochemical gradient. Purine nucleotides (GDP,
ADP, ATP or GTP) revert the uncoupling effect by inhibiting this
induced proton leak.
For a long time these proteins were considered evolutionary
adaptations in Metazoans. However, the presence of an archetypi-
cal UCP1-like activity, it means, an uncoupling activity induced by
fatty acid and reverted by purine nucleotide, in plants [1] and in
the ameboid Acanthamoeba castellanii [2] led to a reconsideration
of the evolutionary fate followed by these proteins. Indeed, an
increasing number of unicellular species with a mitochondrial
UCP1-like activity have been reported [3–9]. The evidence shown
was functional, limited to demonstrations of the activating and
inhibitory effect exerted by fatty acids and purine nucleotides on
these putative UCPs respectively. Mitochondrial respiration and
membrane potential measurements have been usually selected
as biochemical tools to characterize these proteins. Inmunological
studies complement the biochemical evidence, since most of this
proteins react with antibodies against plant UCP, UCP4 from Mus
musculus and UCP3 from Homo sapiens [2–4,6–11].
Nonetheless, the nature of the proteins responsible for this phe-
notype has not been completely elucidated. The best UCP1-likechemical Societies. Published by Eactivity characterized came from studies on the ameboid A. castel-
lanii. This UCP (of A. castellanii) is activated by fatty acids but
purine nucleotides are able to inhibit it depending on the redox
state of endogenous membrane [10,11]. Remarkably, the expres-
sion level of this protein is increased by cold treatment, something
unexpected for a unicellular organism, because the termic gradient
between growing media and cytosol ruled out the possibility of a
thermoregulatory function for this protein [12]. Despite the exten-
sive functional evidence for a UCP1-like phenotype in this organ-
ism, the protein responsible for this behavior has not been
characterized.
Reports in other organisms are limited to show a fatty acid-sen-
sitive proton leak, reverted by purine nucleotides. As mentioned
above, the identiﬁcation of the proteins responsible for this activity
has been elusive, but a ﬁrst attempt to characterize it was attained
when a gene, whose product codify for a mitochondrial oxaloace-
tate/sulfate carrier (Oac), was identiﬁed in the oleaginous yeast
Yarrowia lipolytica. This protein presented a dual transport mecha-
nism. It was able to transport sulfate as a canonical Oac but it also
transported protons with a UCP1-like mechanism [5]. Strikingly,
the Saccharomyces cerevisiae Oac was unable to produce the same
phenotype.
In this report, we performed a search throughout genomes of
unicellular organisms where this UCP1-like activity has been re-
ported with the aim to ﬁnd UCP orthologs. Proteins found were
analyzed using a phylogenetic method in order to elucidate the
evolutionary route followed by UCPs. We found that no phyloge-
netic support for the wide distribution of UCPs throughout the
Eukarya domain was found, a hypothesis was formulated whichlsevier B.V. All rights reserved.
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chondrial carriers.
2. Materials and methods
2.1. Similarity searches
Previous compilation of 113 full sequences of the UCP subfamily
(UCP1–5 and plant UCP) was retrieved from the NCBI database [5].
Sequences were aligned with the CLUSTAL-W program using
default parameters. The last common ancestor of UCPs was recon-
structed with the ANCESCON program using a marginal recon-
struction method with a maximum-likelihood rate factor. Gap
content for rate factor calculation of 0.5 was used [13].
The hypothetical ancestral UCP was used as a query for search-
ing UCP orthologs through NCBI, Génolevures, ENSEMBL-fungi,
Dictybase Protist EST and the Baylor College of Medicine databases
for A. castellanii, Dictyostelium discoideum, Plasmodium yoelii yoelii,
Plasmodium berghei, Plasmodium falciparum, Aspergillus fumigatus,
Candida albicans, Candida parapsilosis, Y. lipolytica, Chlamydomonas
reinhardtii, Leishmania major, Toxoplasma gondii, Trypanosoma bru-
cei, Phytophthora infestans, Phaeodactylum tricornotum, Thalassiosira
pseudonana, Tetrahymena thermophila, Plasmodium tetraurelia and
Ichthyophthirius multiﬁliis. S. cerevisiae was included as a control
group because the absence of UCP orthologs has been demon-
strated in this yeast [14].
2.2. Phylogenetic analysis
Sequences retrieved by BLAST search for the organism tested
were aligned with MUSCLE (v3.7) without alignment curation. A
maximum-likelihood method was chosen for the reconstruction
of the phylogenetic tree using the PhyML program (v3.0) [15].
The Jones–Taylor–Thornton (JTT) matrix method was used as sub-
stitution model. An estimated proportion of invariant sites was
assumed. Signiﬁcance of internal nodes was assessed by the boot-
strap method using 200 pseudoreplicates. Tree topology was
drawn with the program FigTree v1.3.1. The next mitochondrial
carriers with a known function were included in the phylogeneticFig. 1. Binary alignment of the hypothetical ancestral UCP with UCP4 from Mus musculus
represent UCP motifs whereas the residues exclusive of the UCP4 proteins are indicatedtree in order to assign proteins to a particular cluster: Adenine
nucleotide translocator (Ant1), oxodicarboxylate carrier (Odc),
phosphate carrier (Pic and Mir), succinate/fumarate carrier (Sfc)
oxaloacetate carrier (Oac), Dicarboxylate carrier (Dic) and 3-oxo-
glutarate carrier (Ogc). The next sequences were used to recon-
struct the UCP subfamily: PUMP1 from Arabidopsis thaliana,
UCP1–5 from H. sapiens, UCP2 from Xenopus laevis, UCP3/4 from
Danio rerio, UCP1 from Cyprinus carpio, UCP from Zea mays and
UCP3 fromM. musculus. Accession numbers are included as Supple-
mentary table.
3. Results
In order to determine whether UCPs are widely distributed in
unicellular organisms, we performed a search throughout genomes
of organisms where a UCP1-like activity has been reported. Hence,
a hypothetical ancestral UCP was reconstructed from 113 reported
UCP sequences. This protein was closely related to UCP4 fromMet-
azoans; it presented a similarity ranging from 70% to 86% com-
pared to diverse UCP4s. Three conserved group of residues
exclusive of the UCP4 proteins were found in this ancestral protein
(red residues in Fig. 1), which agrees with a previous report sug-
gesting UCP4 as the ancestral member of the UCP subfamily [16].
Next, the ancestral protein was used as query in order to ﬁnd
ortholog proteins through diverse genome databases in organisms
where putative UCPs have been reported.
Sequences retrieved show a similarity with the hypothetical
ancestral UCP ranging from 24% to 40% (Table 1). Moreover, the
same results were obtained when either plant UCP or mouse
UCP2 were used as queries (not shown). Remarkably, UCP1–3 only
displayed an identity around 34–35% with UCP4/5 and shared a
last common ancestor; therefore, similarity was not used as crite-
ria for function assignment and instead we carried out a phyloge-
netic analysis using mitochondrial carriers functionally
characterized as grouping proteins. As observed in Fig. 2, neither
fungi (Ca1–3, Cp1, Af1–3), Apicomplexans (Py1–3, Pf1–2, Pb1–2,
Tg1), Excavate (Lm1, Tb1) nor the Chromoalveolates corresponding
to T. pseudonana (Tp1) and Tetrahymena termophila (Tt2) se-
quences were clustered into the UCP branch. Instead, these. The three mitochondrial signature motifs are gray shadowed. Residues underlined
in red boxes.
Table 1
Proteins retrieved by similarity search using a hypothetical ancient UCP (ancUCP) as query.
Species Acces. No.a Identity (%) E-value Phyl. Keyb
Candida albicans XP_719304 30 2E-31 Ca1
XP_716076 31 6E-31 Ca2
XP_722001 28 4E-26 Ca3
Candida parapsilosis INCc 37 9E-48 Cp1
Aspergillus fumigatus EDP51973 34 6E-32 Af1
EDP54804 30 1e-29 Af3
Plasmodium berghei XP_676600 28 4E-34 Pb1
XP_679246 24 4E-26 Pb2
Plasmodium falciparum XP_001349285 28 4E-34 Pf1
XP_001347650 25 3E-24 Pf2
Plasmodium yoelii yoelii XP_729941 29 4E-36 Py1
XP_724098 25 2E-23 Py2
XP_724559 24 1E-17 Py3
Dyctiostelium discoideum XP_001733006 40 2E-60 Dd1
XP_638658 35 1E-45 Dd2
XP_645658 33 2E-35 Dd3
Chlamydomonas reinhardtii XP_001695417.1 39 7E-62 Cr1
Acanthamoeba castellanii INCd 31 1E-53 Ac1
Toxoplasama gondii XP_002366007 31 3E-38 Tg1
Leishmania major XP_001684700 27 4E-25 Lm1
Trypanosoma brucei XP_827960 24 6E-17 Tb1
Phytophthora infestans XP_002906487 40 3E-60 Pi1
Phaeodactylum tricornotum XP_002180584 29 1E-36 Pt1
Tetrahymena thermophila EAS00437 37 5E-56 Tt1
XP_001011304.1 9 7E-5 Tt2
XP_001021663.1 30 3.6E-44 Tt3
XP_001023256.2 29 1.7E-25 Tt4
Paramecium tetraurelia XP_001454526.1 28 5.1E-37 Pte1
XP_001426646.1 32 1.8E-47 Pte2
XP_001426957 32 5.5E-48 Pte3
XP_001435315.1 21 1.9E-11 Pte4
Ichthyophthirius multiﬁliis EGR32123.1 39 1E-73 Im1
Thalassiosira pseudonana XP_002292890 31 2E-36 Tp1
a Accesion numbers retrieved by the NCBI database.
b Keywords used in the phylogenetic tree.
c Partial sequence, 286 aminoacids were retrieved from the NCBI server: scaffold__l005504:216505-217329.
d Partial sequence, only 276 aminoacids were retrieved from the Baylor College of Medicine server: linear scaffold_l1125:27241-28071.
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etate, dicarboxylate, 3-oxoglutarate, succinate/fumarate and ade-
nine nucleotide carriers. Furthermore, our analysis conﬁrms the
lack of UCP orthologs in the Kinetoplastid group represented in
our analysis by Leishmania major (Lm1) and Trypanosoma brucei
(Tb1) [17]. It is worth mentioning that the genome of the yeast
C. parapsilosis is partially sequenced. Thus, inference about the
lack of UCP orthologs in this organism must be carefully consid-
ered. However, the genome of the closely related yeast, C. albicans,
has been completely sequenced which certainly help to infer about
presence or not of UCP orthologs in the ﬁrst organism.
The only unicellular sequences conﬁdently grouped into the
UCP group are the ones corresponding to the Ciliophoras Tetrahy-
mena thermophila (Tt1/4), Paramecium tetraurelia (Pte2/3) and Ich-
thyophthirius multiﬁlis (Im1), the Clorophycea algae C. reinhardtii
(Cr1) and the Oomycete P. infestans (Pi1). The presence of two
highly bootstrap supported (>70%) paralogs from T. termophila,
and a set of duplicated proteins in P. tetraurelia points to an old
whole-genome duplication prior the divergence of the Paramecium
and Tetrahymena lineage, and a duplication event corresponding to
the recent whole-genome duplication in the P. aurelia complex
respectively [18,19]. Furthermore, the absence of a paralogue in
the closely related organism I. multiﬁlis indicated the subsequent
speciation of the Hymenostomatida order into the Tetrahymena
and Ichthyophthirius genera with a probable loss of the duplicated
protein in this last genus.
Moreover, the presence of a UCP in C. reinhardtii indicates the
whole distribution of these proteins throughout the Archaeplastid
clade. Notably, a set of proteins are also grouped in the UCP
branch; they correspond to A. castellanii (Ac1), P. tricornutum(Pt1), D. discoideum (Dd1), P. tetraurelia (Pt1) and T. termophila
(Tt3). Since these proteins diverged prior to the appearance of
UCP4/5 orthologs, it is expected that these sequences represent
true ancestral UCPs. This concept is supported by the recent phy-
logeny of the Eukarya domain which sets the Amoebozoa group
as a basal branch within the Unikonts clade [20]. Recently, three
sequences in D. discoideum and ﬁve in T. thermophila were classi-
ﬁed as UCPs [19,21]. However, in our analysis only one sequence
in D. discoideum and three in T. thermophila were assigned as puta-
tive UCP. The proteins formerly annotated as UCPa (Dd3) and UCPc
(Dd2) conﬁdently clustered within the oxaloacetate and 3-oxoglu-
tarate carrier subgroup respectively (bootstraps values from 70% to
100%). Despite the experimental evidence in D. discoideum and
A. castellanii, it is uncertain if the proteins conferring the UCP1 phe-
notype observed correspond to the proteins Dd1 and Ac1 since
these proteins have never been experimentally isolated. A further
analysis was performed including these newly identiﬁed UCPs
using both the hypothetical ancestral UCP and UCP4 from M. mus-
culus (Supplementary Fig. 1). All particular features for UCP4 re-
ported by Hanak [16] were found in these sequences. However,
interspecies variations were found between sequences. These ex-
pected variations could be due to the evolutionary divergences be-
tween those clades.
In the Supplementary Fig. 1 is included a multiple alignment of
these newly discover UCPs with both the hypothetical ancestral
UCP and UCP4 from M. musculus.
Finally, the phylogenetic analysis performed ruled out the pos-
sibility that UCPs are widely distributed throughout the Eukarya
domain since few proteins in some members of the Chromoalveo-
lates, Archaeplastid and Unikonts clades were found to cluster in
Fig. 2. Reconstructed phylogenetic tree for sequences in Table 1. Keywords are displayed in Table 1. The UCP branch is displayed in gray shade. Bootstrap values are indicated
for every branch in the tree. Reference sequences (black names in the tree): ANT1, adenine nucleotide translocator; OAC, oxaloacetate carrier; Dic, Dicarboxylate carrier; OGC,
3-oxoglutarate carrier; Pic and Mir, phosphate carrier; SFC, succinate/fumarate carrier; ODC, oxodicarboxylate carrier. Homo sapiens, Hs; Saccharomyces cerevisiae, Sc;
Yarrowia lipolytica, Yl. Retrieved sequences clustering into the UCP branch are indicated in red while sequences retrieved clustering in other carrier branch are indicated by
blue letters.
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atypical distribution of UCPs into the Eukarya domain could be
the result of incomplete radiation or a reductive phenomenon dic-
tated by metabolic needs. Based on the previously presented re-
sults, this raises the question about the nature of the protein
responsible for the phenotype observed in fungi and Apicomplex-
ans. Since any UCP ortholog was found in these clades, immunolog-
ical studies regarding these organisms must be carefully analyzed.
Furthermore, the lack of information of the region or residues rec-
ognized by these antibodies difﬁcult the analysis. It is likely that a
quite similar region in those proteins react with these antibodies.
Several reports demonstrated this unspeciﬁc reaction between
UCPs antibodies, e.g., UCP from A. castellanii is inmunodetected
with anti-UCP3 antibodies fromH. sapiens and also with antibodies
against UCP from A. thaliana. Strikingly, HsUCP3 and AtUCP have a
similitude of 46%. Several examples of unspeciﬁc reactions be-
tween UCP1, UCP2 and UCP3 antibodies are found in the literature.
Moreover, a recent publication demonstrated that the mitochon-
drial oxaloacetate carrier from Y. lipolytica is able to react with a
UCP4 antibody [10,11,22–26]. Experimental evidence in the yeast
Y. lipolytica suggests that overlapping functions in other mitochon-
drial carriers rather than UCPs per se confers this organism with a
UCP1-like phenotype. In this regard, the oxaloacetate carrier inY. lipolytica is able to transport sulfate and also transports protons
as a bona ﬁde UCP. Depending on the metabolic context, promiscu-
ity in mitochondrial carriers could be the phenomenon responsible
for the UCP1-like phenotype observed in fungi and Apicomplexans.
4. Discussion
4.1. Evolutionary route of UCP-like proteins
Fatty acid-induced uncoupling mediated by mitochondrial car-
riers is observed in several members of this superfamily [27–33]. It
was hypothesized that fatty acid sensitivity is an intrinsic property
displayed by the ancestral member(s) of these proteins. These
ancestral proteins are expected to have functioned with a broad
range of selectivity. Once diverged and subsequently specialized,
some members retained the fatty acid sensitivity as a vestigial
character of their ancestors. However, this promiscuous character
is expected not to be observed under physiological conditions, in
which the original transport function must predominate.
Fig. 3 depicts the proposed evolutionary route followed by
mitochondrial carriers with a fatty acid-induced uncoupling (pro-
miscuous activity). In the one extreme (numbered as 1) are all
MACs with a single transport activity; a variable relaxing in
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at the expense of the original function [34]. This evolutionary eas-
ing in purifying selection increases the number of non-synony-
mous (dN) over synonymous (dS) substitutions. The further
increase in the dN/dS ratio will be the driving force for the
appearance of the promiscuous activity [35]. In this regard, fatty
acid afﬁnity will increase as a consequence of a strong evolutionary
divergence between paralogs. According to this approach and, in
eutherian UCP1 the original transport function was lost and in turn
the promiscuous activity was increased [36]. Instead, for UCPs 2–5,
Ameboid UCPs, plant UCP in non-thermogenic tissues, fungi and
protist UCP1-like proteins, the uncoupling activity has apparently
evolved to a lesser extent than UCP1 while still preserving their
still unknown physiological transport function. Interestingly, a
recent report shows that during evolution, mitochondrial carriers
acquired a mostly compact tertiary structure related to an increase
in hydrophobic residues within their structures [37]. This gain in
hydrophobicity could be related to the acquisition of the
promiscuous activity described in this report. In this regard,
UCP1 presents a higher ratio of hydrophobic residues than its par-
alogues and, hence, a higher afﬁnity for fatty acids. Finally, the
UCP1-like mechanism is not expected to be physiologically signif-
icant unless it is inﬂuenced by the environmental context as in
UCP1 from BAT [38].
Regarding purine nucleotide regulation, it could be a parallel
evolutionary acquisition to the increasing afﬁnity for fatty acids.
Notably, in UCP from basal organisms such as A. castellani [2] and
D. discoideum [9], purine nucleotides exert a poor inhibition for
the fatty acid-induced uncoupling. MACs have been proposed to
have evolved from an ancient carrier whose characteristics and
metabolites transported would be related to the present ANT
[39]; therefore, it is feasible that MACs could bind purine nucleo-
tides but with lower afﬁnity than ANT or UCP1. This could provide
the regulatory mechanism adopted by some UCP1-like proteins.
Regulation by redox state of quinones (Q) seems to be another reg-
ulatory mechanism closely related to purine nucleotide inhibition
[10]. In this regard, a high Qred/QT ratio revert the inhibitory effect
exerted by purine nucleotides which explains why some UCPs are
poorly inhibited by nucleotides. However, a quinone binding site in
these proteins and the effect of ubiquinol on the kinetic parameters
of reconstituted proteins has never been tested. This would cer-
tainly help to understand this possible regulatory mechanism.Decrease purifying selection 
UCP1-like activity (%) 
1
2
3
4
Original 
transport 
function 
(%)
Fig. 3. Evolutionary route for UCP1-like activity. Schematic route representing a
weak trade-off between a promiscuous activity (UCP1-like activity) and the original
transport function presented in some mitochondrial anion carriers (MAC). Circles
represent individual MAC in which the numbers represent a variable percent in
promiscuous activity. Purifying selection decreases in favor of the promiscuous
activity (Black arrow). Adapted from Ref. [29].4.2. Concluding remarks
Evolutionary analysis has been used to determine speciﬁc fea-
tures present in ancestral proteins [40–41]. Using this approach
and the belief that UCPs were widely distributed throughout the
Eukarya domain; a hypothetical ancestral UCP was reconstructed
in silico in order to determine the evolutionary pathway followed
by UCPs. An extensive search in fungi and protist genomes demon-
strated that UCPs are restricted to some taxonomical groups. In-
deed UCPs are widely distributed between Unikonts (Metazoan
and Amoebozoa) but are found in only one group of Bikonts
(Archaeplastida) pointing to an ancient distribution of UCPs which
subsequently did not radiate or was lost in fungi and much of the
Chromoalveolates organisms, Excavates and apparently Rhizaria
clades. This could be dictated by metabolic needs. Supporting this
hytothesis, the absence of mitochondrial carriers has been docu-
mented in several organisms with parasite habits such as Kineto-
plastid protozoa or Apicomplexans in which metabolites are
supplied directly by the host [42]. Thus, it is not surprising that
UCPs disappeared from organisms that metabolically did not need
UCPs. However, the fatty-acid induced uncoupling present in some
non-UCP mitochondrial carriers, as well as the presence of UCP1-
like activities in unicellular organisms lacking true UCPs (this re-
port), suggest that some mitochondrial carriers still retained a ves-
tigial transport mechanism responsible for the UCP1-like transport.
To understand the incomplete radiation or loss of these proteins, it
would be imperative to elucidate the physiological metabolites
transported by basal UCPs. Furthermore, extensive comparative
kinetics would help to trace the evolutionary and mechanistic
pathway followed by the UCP1-like activity present in several
mitochondrial carriers which shed light on the ancestral characters
present in the ﬁrst mitochondrial carrier. Finally, this kind of anal-
ysis will help to rationalize mutagenesis experiments to describe
the natural history of family of proteins.
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